We describe the development and validation of a method for the qualitative analysis of complex bifidobacterial communities based on PCR and denaturing gradient gel electrophoresis (DGGE). Bifidobacterium genus-specific primers were used to amplify an approximately 520-bp fragment from the 16S ribosomal DNA (rDNA), and the fragments were separated in a sequence-specific manner in DGGE. PCR products of the same length from different bifidobacterial species showed good separation upon DGGE. DGGE of fecal 16S rDNA amplicons from five adult individuals showed host-specific populations of bifidobacteria that were stable over a period of 4 weeks. Sequencing of fecal amplicons resulted in Bifidobacterium-like sequences, confirming that the profiles indeed represent the bifidobacterial population of feces. Bifidobacterium adolescentis was found to be the most common species in feces of the human adult subjects in this study. The methodological approach revealed intragenomic 16S rDNA heterogeneity in the type strain of B. adolescentis, E-981074. The strain was found to harbor five copies of 16S rDNA, two of which were sequenced. The two 16S rDNA sequences of B. adolescentis E-981074 T exhibited microheterogeneity differing in eight positions over almost the total length of the gene.
The human gastrointestinal (GI) tract hosts a rich and complex microbiota. Bifidobacteria are part of the normal microbiota of the human intestine, and they are considered to be important in maintaining well-balanced intestinal microbiota (4, 31) . It has been postulated that Bifidobacterium spp. have several health-promoting effects, including the prevention of diarrhea and intestinal infections, alleviation of constipation, production of antimicrobials against harmful intestinal bacteria, and immunostimulation (4, 31) . Therefore, many attempts have been made to increase the number of bifidobacteria in the intestine by administration of certain bifidobacterial strains (probiotics) or oligo-and polysaccharides that stimulate the growth of bifidobacteria (prebiotics) (2, 7, 10, 13) . For the enumeration and isolation of bifidobacteria, several selective plating techniques have been developed (5, 14, 32) . So far, 12 species have been associated with the human host: Bifidobacterium adolescentis, Bifidobacterium infantis, Bifidobacterium longum, Bifidobacterium bifidum, Bifidobacterium breve, Bifidobacterium catenulatum, Bifidobacterium pseudocatenulatum, Bifidobacterium angulatum, Bifidobacterium gallicum, Bifidobacterium inopinatum, Bifidobacterium dentium, and Bifidobacterium denticolens, the last three being found primarily in the oral cavity (6, 11, 20, 23, 25) .
Our present knowledge of the GI tract microbiota is largely based on cultivation studies, but according to recent estimates up to 85% of the entire microbial population in the human intestine might be uncultured (19, 36) . Consequently, our picture of the intestinal microbiota has been biased in favor of the more easily cultured members of the community. Moreover, cultivation techniques are laborious and time-consuming, especially if bacterial isolates are to be identified. In order to overcome the limitations associated with culturing techniques, molecular biological methods are increasingly being applied to study the GI tract ecology (38) . One of the most widely used approaches in ecological studies has been the use of rRNA and its encoding genes as target molecules (3) . Specific PCR primers and probes can be designed based on the variable regions of this molecule to detect certain species or groups of bacteria. Numerous genus-and species-specific PCR primers and probes have been developed also for bifidobacteria (15, 19, 23, 24, 40) . Species-specific primers and probes are excellent tools for targeting certain Bifidobacterium species in mixed populations, providing valuable help in identification, which is laborious and sometimes unreliable by phenotypic characterization. However, the use of specific primers and probes in ecological studies rules out the possibility of finding other than the target Bifidobacterium species possibly also present in the sample. On the other hand, genus-specific primers or probes can give a good overall picture of the bifidobacterial population, but no information is obtained about the species or strain composition.
Another way of utilizing the rRNA sequence heterogeneity in microbial ecology is to use universal bacterial PCR primers to amplify a fragment of rRNA or ribosomal DNA (rDNA) and then separate the obtained PCR products in a sequencespecific manner in temperature gradient gel electrophoresis (TGGE) or denaturing gradient gel electrophoresis (DGGE) (27, 28) . The TGGE or DGGE profile thus obtained represents the prominent bacteria in the community. This technique has already been successfully applied to monitor the most predominant bacterial populations in human fecal samples (43) .
In this study we describe the development and validation of a method that combines Bifidobacterium genus-specific PCR with DGGE that allowed us to analyze complex bifidobacterial communities. This approach was applied to study the bifidobacterial communities in the feces of adult subjects. The newly developed method also revealed intragenomic 16S rDNA heterogeneity in B. adolescentis E-981074 T that was demonstrated to contain at least two distinct copies of 16S rDNA.
MATERIALS AND METHODS
Strains and growth conditions. The 19 strains of bifidobacteria belonging to 13 different species used in this study are presented in Table 1 . Bifidobacterium lactis and Bifidobacterium animalis species are often utilized in probiotic preparations for human and animal use whereas the other species listed in Table 1 are associated with the human host. Bacteria were obtained from the VTT Culture Collection (VTT Biotechnology, Espoo, Finland), Chr. Hansen A/S (Hørsholm, Denmark), and CSIRO Starter Culture Collection (CSCC) (Melbourne, Australia). The strains were grown in Man-Rogosa-Sharpe medium supplemented with 0.5 g of cysteine liter
Ϫ1 in anaerobic jars with Anaerocult A-strips (Merck, Darmstadt, Germany) at 37°C.
Fecal samples. Fecal samples were collected from six Finnish individuals (subjects I to VI) of different ages (21 to 55 years) and sex (three women and three men). Samples were frozen at Ϫ70°C immediately after defecation. Bifidobacterial counts of fecal samples were determined by selective plating on Beerens agar (5) under anaerobic conditions in a Whitley Anaerobic Cabinet (model MK II; Don Whitley Scientific Ltd., Shipley, United Kingdom) with an atmosphere of N 2 (80%), CO 2 (10%), and H 2 (10%). The plates were incubated at 37°C for 4 days in anaerobic jars filled with mixed gas (85% N 2 , 5% CO 2 , and 10% H 2 ) by evacuation-replacement method (Anoxomat; Hart, Lichtenvoorde, The Netherlands).
Nucleic acid isolation. Isolation of chromosomal DNA from pure cultures was performed as described elsewhere (1) . When necessary, the method was slightly modified by prolonging the time for enzymatic lysis from 1 h to 2 or 3 h. Methods previously described (43) were used to extract RNA from pure cultures and DNA from fecal samples.
Primers. All primers used in the study are listed in Table 2 . Bifidobacterium genus-specific PCR was performed using 16S rDNA-targeted primers Bif164-f and Bif662-r or Im26-f and Im3-r, which produce approximately 520-or 1,420-bp PCR amplicons, respectively. For DGGE analysis of PCR products a 40-bp GC clamp was attached to the 5Ј end of either Bif164-f or Bif662-r (Table 2) . RT-PCR was performed with the Geneamp Thermostable rTth Reverse Transcriptase RNA PCR kit (Perkin-Elmer, Norwalk, Conn.). Reverse transcription reaction mixtures (10 l) consisted of 10 mM Tris-HCl (pH 8.3), 90 mM KCl, 1 mM MnCl 2 , 0.25 mM dNTP, 0.75 M primer 1401-r, 1.25 U of recombinant Tth DNA polymerase, and 1 l of appropriately diluted RNA. The RT reaction was performed at 68°C for 30 min and followed by the addition of 40 l of PCR mixture consisting of 5% glycerol, 10 mM Tris-HCl (pH 8.3), 100 mM KCl, 0.05% Tween 20, 0.75 mM EGTA, 3.75 mM MgCl 2 , 0.2 mM dNTP, and a 0.25 M concentration of each of the primers Bif164-f and Bif662-GC-r. The PCR thermocycling program was the same as described above for these primers.
The size and amounts of PCR products were estimated by analyzing 5-l samples by 1.2% agarose gel (wt/vol) electrophoresis and ethidium bromide staining.
DGGE analysis of PCR products. DGGE analysis of PCR amplicons was performed essentially as described previously (27, 29) using the DCode or D GENE System apparatus (Bio-Rad, Hercules, Calif.). Polyacrylamide gels (8% [wt/vol] acrylamide-bisacrylamide [37.5:1]) in 0.5ϫ Tris-acetic acid-EDTA buffer with a denaturing gradient were prepared with a gradient mixer and Econopump (Bio-Rad) using solutions containing 45 and 55% denaturant. A 100% denaturant corresponds to 7 M urea and 40% (vol/vol) formamide. PCR amplicons were separated by electrophoresis at a constant voltage of 85 V and a temperature of 60°C for 16 h. The DNA fragments were visualized by AgNO 3 staining and developing basically as described previously (35) .
Cloning of the PCR products. The PCR products were purified with the QIAquick PCR purification kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions and cloned in E. coli JM109 by using the pGEM-T vector system (Promega, Madison, Wis.). Colonies were picked and transferred into 20 l of 10 mM Tris-HCl (pH 8.0)-1 mM EDTA and boiled for 15 min to lyse the cells, and the cell lysates were used to screen the transformants by PCR with Bif164-f and Bif662-GC-r primers followed by DGGE analysis. Plasmid DNA of selected transformants was isolated using a QIAprep spin miniprep kit (Qiagen).
Sequence analysis. Sequence analysis was carried out using purified plasmid DNA and sequencing primers T7 and Sp6 complementary to the adjacent sequences of the pGEM T cloning site and other primers complementary to the 16S rDNA sequences (see Table 2 ). Sequencing was performed with the Sequenase sequencing kit (Amersham, Slough, United Kingdom) according to manufacturer's instructions. The sequences were analyzed with an automatic LI-COR (Lincoln, Nebr.) DNA sequencer 4000L and corrected manually. Pairwise and multiple sequence alignments and similarity comparisons between individual sequences were carried out using BCM services available on the Internet (http:// www.hgsc.bcm.tmc.edu/SearchLaunher/) or from the DNASTAR (Madison, Wis.) program. Homology searches of 16S rDNA sequences derived from fecal clones and the DNA databases were carried out by using the BCM Nucleic acid sequence search service. In addition to the comparison with sequences in the databases, sequences of fecal clones were compared to the B. adolescentis E-981074
T sequences determined in this study, because the B. adolescentis 16S rDNA sequence deposited in the GenBank appears to contain many ambiguous bases.
Southern hybridization. Chromosomal DNA (2g) was digested with EcoRI, EcoRV, or NruI restriction enzymes (GibcoBRL, Paisley, United Kingdom) and the DNA fragments were separated by electrophoresis in 1% agarose. Fragments larger than 500 bp were transferred to Hybond-Nϩ membrane (Amersham, Aylesbury, United Kingdom) by vacuum blotting with a VacuGene XL vacuum blotting system (Pharmacia, Uppsala, Sweden), and hybridizations were carried out according to established protocols (34) . The Bif164-f-to-Bif662-r PCR amplicon from strain B. adolescentis E-981074 T was labeled with [␣-32 P]ATP by nick translation and used as a probe.
Extraction of chromosomal NruI fragments from agarose gel. Chromosomal DNA (10 g) was digested with NruI restriction enzyme, and the DNA fragments were separated by agarose gel electrophoresis as mentioned above. DNA fragments of a size between 3 and 23 kb were recovered using Concert matrix gel extraction system (GibcoBRL) and checked for the presence of 16S rDNA by PCR with primers Bif164-f and Bif662-GC-r.
Nucleotide sequence accession numbers. The sequences of the two different 16S rDNA copies of B. adolescentis E-981074 T were deposited in the GenBank database and have been assigned accession numbers AF275881 (nru-1) and AF275882 (nru-5). The accession numbers of the fecal clones in GenBank are the following (clone code in parenthesis): AF275890 (7B), AF275891 (7G), AF275892 (9A), AF275893 (9B), AF275894 (9C), AF275884 (13D), AF275885 (15A), AF275883 (15B), AF275886 (15D), AF275887 (16B), AF275888 (16C), and AF275889 (16F).
RESULTS
Development of the DGGE method for separation of bifidobacteria. In order to set up the method based on genusspecific PCR and DGGE, primers that amplify a fragment that is separable by DGGE were selected and tested. The specificity of the previously described Bifidobacterium genus-specific primers Bif164-f and Bif662-r (17, 19) was confirmed using numerous bacterial species occurring in feces as the reference material. The primers showed good specificity for the genus Bifidobacterium, and the approximately 520-bp product was amplified exclusively from bifidobacteria (data not shown). In order to separate the bifidobacterial sequences by DGGE, a GC clamp was attached to either of the primers ( Table 2 ). The use of primers Bif164-GC-f and Bif662-r to amplify bifidobacterial 16S rDNA resulted in PCR fragments from different species that showed very limited separation upon 45 to 55% DGGE (data not shown). In contrast, when the GC clamp was attached to the reverse primer (Bif662-GC-r) instead of the forward (Bif164-f), a good separation of different species in DGGE was obtained (Fig. 1) . However, some closely related species could not be separated from each other by this approach. B. longum and B. infantis gave fragments in the same position in the gel as well as B. catenulatum and B. pseudocatenulatum. Also B. breve and B. dentium PCR fragments migrated to the same position. Different strains of the same species (Table 1) gave fragments in the same position upon DGGE. Two species, B. breve and B. gallicum gave diffuse fragments. An individual fragment from one strain was frequently observed as a doublet with two fragments very close to each other. This is very likely due to abortion of the elongation reaction during PCR caused by the GC clamp (hairpin formation), resulting in DNA molecules with slightly different migration behavior (30) . However, B. adolescentis produced three strong fragments relatively far apart from each other (Fig. 1) , and the cause for this was further examined in detail (see below).
Host-specific and stable DGGE patterns of bifidobacteria from human feces. The applicability of the DGGE method to monitoring complex bifidobacterial communities was first tested by using DNA from several Bifidibacterium species as the template in a competitive PCR. Fragments from all species were found in the DGGE profile, but in addition some extra fragments appeared above the single-stranded DNA in the DGGE profile (data not shown). These fragments are presumably heteroduplexes, which are more unstable and therefore, remain in the upper part of the DGGE gel. m1 and m2) . Single-stranded DNA and presumed heteroduplexes are above the line indicated with arrowheads. Indications 7B to 16F refer to the corresponding clones in Table 4 . The bifidobacterial composition in fecal samples from six adult subjects (subjects I to VI) was studied. PCR products were obtained from samples I to V that had bifidobacterial counts reaching approximately 10 8 to 10 10 CFU/g (wet weight) (Table 3 ), but no PCR product was obtained from subject VI, whose sample gave a low bifidobacterial count (approximately 10 4 CFU/g [wet weight]). The cultivation was performed from frozen samples, which is likely to have introduced a bias to the bifidobacterial counts, but allowed us to monitor fluctuations in the counts over time. DGGE analysis of bifidobacterial PCR products of fecal samples revealed complex host-specific patterns of bifidobacteria (Fig. 2, lanes I to V) . In order to identify the Bifidobacterium species present in the feces, two samples consisting of a mixture of PCR products from identified species were run alongside the fecal samples (Fig. 2) . However, most fragments of the fecal samples migrated to a different position than those of the culture collection strains and could not be identified in this way.
The stability of the bifidobacterial community over a period of 4 weeks was studied (Fig. 3) . Analysis of three samples taken within this period showed stable bifidobacterial profiles, indicating that the composition of bifidobacterial community did not alter over this period despite some slight fluctuation in the bifidobacterial numbers (Table 3 ). Only subject II had a minor change in profile, where a faint fragment present in the first sample disappeared in the following samples (Fig. 3) . DGGE profiles from undiluted and 10-fold-diluted fecal DNA samples were similar (Fig. 3) , indicating that the template DNA from fecal samples can be diluted at least 10 times to avoid possible inhibition of the PCR without affecting the DGGE profile.
Validation of bifidobacterial profiles from feces. In order to identify some of the fragments in fecal profiles, a longer fragment of approximately 1,400 bp was amplified from the fecal samples with another set of Bifidobacterium-specific primers, lm26-f and lm3-r. The amplified fragments were cloned into E. coli JM109 by using pGEM-T, and transformants were amplified with primers Bif164-f and Bif662-GC-r. The mobility of these PCR products in DGGE was compared to the PCR pattern of the fecal sample obtained with the same primer set in order to determine which fragment they corresponded to. The plasmids from selected clones were purified, and the 16S rDNA insert was sequenced from both ends. The sequencing results confirmed that the DGGE profiles obtained with the primers Bif164-f and Bif662-GC-r indeed represent the bifidobacterial population in feces, since all sequenced fragments were derived from Bifidobacterium species. Clone sequences showed very high similarity to many Bifidobacterium species, and therefore could not be unambiguously identified to the species level (Table 4 ). All sequenced clones had the highest similarity to the sequence of B. adolescentis or its close phylogenetic relative species (B. ruminantium and B. dentium) or to B. pseudocatenulatum.
B. adolescentis shows 16S rDNA heterogeneity. The B. adolescentis E-981074
T PCR product obtained with the primers Bif164-f and Bif662-GC-r appeared in the DGGE gel as three distinct fragments (bands A to C in Fig. 4) . In order to study FIG. 3 . DGGE of bifidobacterial PCR products of fecal samples from two adult individuals (II and V) from a 4-week period (samples from weeks 0, 3, and 4). In samples 0Ј, 3Ј, and 4Ј 10-fold-diluted DNA was used for PCR. Single-stranded DNA and presumed heteroduplexes are above the line indicated with arrowheads. the possible differences in sequences of the PCR fragments migrating to different positions, the PCR product was purified and cloned into E. coli JM109 using pGEM-T vector. The rDNA inserts of 40 clones were amplified by PCR with the primers Bif164-f and Bif662-GC-r, and analysis of their migration in DGGE showed that the majority of them produced 16S rRNA PCR amplicons that corresponded to either the middle fragment (B) or the lowest fragment (C) (clones b and c, respectively) but none that corresponded to the upper fragment (A). However, one clone (a1) was obtained that produced all three fragments, A, B, and C (data not shown). In order to obtain a clone corresponding to the single fragment A, we repeatedly colony purified the clone but only obtained colonies that upon PCR produced fragments corresponding to either B or C or all three fragments. Fragment A had the uppermost migration position in DGGE, indicating that it melts under weaker denaturing conditions than fragments B and C and thus is the most unstable fragment. We therefore came to the assumption that fragment A was a heteroduplex of fragments B and C formed during melting and reannealing of sequences in the PCR thermocycling. Presumably, clone al contained at least two plasmids carrying either fragment B or C and thereby produced all three fragments during PCR. Further evidence that fragment A was a heteroduplex of fragments B and C was obtained with the following experiments (Fig. 4) . Firstly, purified plasmids from clones b1 and c1 were used separately and together as templates in PCR with the primers Bif164-f and Bif662-GC-r. Plasmid from clone b1 produced fragment B in DGGE, and similarly, clone c1 produced fragment C. When plasmids of b1 and c1 were both present in the PCR the three fragments (A, B, and C) could be observed after DGGE (lanes 1 to 3 in Fig. 4a ). The same result was obtained following a nested-PCR amplification using fragments B and C separately and in combination as template in a subsequent PCR with the same primers (data not shown). Secondly, when PCR products B and C were mixed, heat denatured, and cooled to room temperature, analysis by DGGE showed the presence of all three fragments again (lanes 5 to 7 in Fig. 4b) . Moreover, the inserts of four clones (b1, b2, c1, and c2) were sequenced. Sequence comparison revealed a minor difference in the sequences between clones b and c, i.e., a T deletion at position 219 (numbering begins at the 5Ј end of the 16S rDNA) in clones c1 and c2 (Fig. 5) . 
FIG. 5. Sequence alignment of B. adolescentis E-981074
T clones with the B. adolescentis sequence from GenBank (M58729), showing sequence differences that were found (in boldface type). b1, b2, c1, nru-1, and nru-5 are double-stranded sequences, and c2 is a single-stranded sequence.
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on January 4, 2018 by guest http://aem.asm.org/ bias. Genomic DNA of B. adolescentis was prepared from a culture grown from a single colony and cleaved with restriction enzymes EcoRI, EcoRV, and NruI. According to the GenBank sequence data (accession number M58729) (D. Yang and C. R. Woese, unpublished data) the first two enzymes cut the B. adolescentis 16S rDNA sequence only once at positions 660 and 691, respectively, while NruI has no cleavage site within the 16S rDNA. Subsequent Southern hybridization was performed with a fragment homologous to the 16S rDNA sequence between bp 164 and 662 (Fig. 6) . Hence, the number of fragments in EcoRI and EcoRV digests that hybridize with the probe correspond to the copy number of rrn operons in the chromosome. Four fragments were visible in the EcoRI digest, and five were visible in the EcoRV digest. The approximately 2.7-kb EcoRI fragment (lane 1 in Fig. 6 ) was relatively more intense than the other fragments and probably contains two fragments containing 16S rDNA sequences. From these results we concluded that B. adolescentis E-981074 T harbors five copies of rrn operon, a conclusion which is also supported by the observation that five NruI fragments (NruI-1 to NruI-5) (Fig.  6) , supposedly containing intact copies of the 16S rDNA, hybridized with the probe. The five NruI fragments were isolated, and parts of the 16S rDNA sequences were amplified using primers Bif164-f and Bif662-GC-r. The resultant PCR products were analyzed by DGGE, and this showed that fragment B was produced from four of the 16S rDNA copies (NruI-1 to NruI-4 fragments) and that fragment C was produced from one copy (NruI-5 fragment) (Fig. 6) . Fragment A was not produced from any of the copies. Next, primers 7-f and 1510-r were used to amplify the full-length 16S rDNA from fragments NruI-1 and NruI-5, and the PCR products were cloned into E. coli JM109 using pGEM-T, generating clones nru-1 and nru-5. The heteroduplex formation experiments were repeated with the plasmids of these clones, and results analogous to those described above were obtained; i.e., clone nru-1 produced fragment B and nru-5 produced fragment C, but together they produced the additional fragment A.
The full-length 16S rDNA fragments from clones nru-1 and nru-5 were sequenced and compared. The two copies of 16S rDNA had a similarity of 99.4%, showing differences in eight positions. The difference previously described for the b and c clones was confirmed (Fig. 5); i.e., the T deletion in clones c1 and c2 at position 219 was also found in clone nru-5. In addition, clone nru-1 had a substitution of T to C at position 467. Thus, the deletion of one T at position 219 in clones c1, c2, and nru-5 changed the migration of the PCR fragment in DGGE, but the T-to-C substitution in clone nru-1 was not sufficient to alter its migration. The most prominent heterogeneity between the two chromosomal copies of 16S rDNA was, however, found outside the region that was amplified with primers Bif164-f and Bif662-r. Clones nru-1 and nru-5 differed in several base pairs between positions 77 to 80 and 93 to 96 (Fig. 5) in the V1 region of the 16S rDNA. The numerous ambiguous nucleotides present in the B. adolescentis 16S rDNA GenBank sequence (M58729) were determined in this study. Both sequences nru-1 and nru-5 are different from M58729 at positions 96, 391, 459, 998, and 1401, while nru-5 shows additional differences in the aforementioned positions in the V1 region.
In order to get a picture of the expression of the different 16S rDNA copies in B. adolescentis, an RT-PCR experiment was performed. First the 16S rRNA was transcribed to cDNA, which was then amplified in PCR with the primers Bif164-f and Bif662-GC-r. When the PCR product was analyzed by DGGE, the same pattern of three fragments, A, B, and C, was obtained. This showed that the 16S rDNA copy producing fragment C is transcribed together with the copies producing fragment B. As fragment B appeared significantly more intense than fragment C in DGGE, we estimated that more than one copy and possibly all four corresponding to fragment B are transcribed. Consistently, the intensity of the heteroduplex fragment A corresponded to that of fragment C.
DISCUSSION
In this study we describe the development and validation of a sensitive method for the qualitative analysis of complex bifidobacterial communities based on genus-specific PCR and DGGE. During the optimization of the method it was noticed that the location of the GC clamp in the DNA fragment greatly influenced the melting behavior and subsequently the migration of the fragment in the DGGE gel. Due to the use of different sequences in the GC clamps, direct comparison of the results obtained with the two primer pairs, Bif164-GC-f- Bif662-r and Bif164-f-Bif662-GC-r, was not possible, but it is more than likely that the location of the GC clamp has more effect on the separation than its sequence. When the GC clamp was attached to the forward primer (Bif164-GC-f) the separation of different Bifidobacterium species by DGGE was not good, whereas an efficient separation was obtained when the GC clamp was attached to the reverse primer (Bif662-GC-r). Alignment of bifidobacterial sequences from GenBank showed considerable sequence heterogeneity close to the Bif164-f primer end (data not shown), which is apparently critical for the sequence-specific separation of the PCR products from different Bifidobacterium species.
The developed method based on genus-specific PCR and DGGE allows us to monitor the qualitative composition of the whole bifidobacterial population with merely a single PCR. In DGGE the PCR products from all culture collection strains of the same species migrated to the same position, but it was not possible to identify species in fecal samples by comparing the position of the fragment to those of the identified culture collection strains. Molecular typing methods such as ribotyping and pulsed-field gel electrophoresis have shown considerable genomic heterogeneity in strains of the same Bifidobacterium species (8, 22, 33) . This heterogeneity is also present in the 16S-to-23S internally transcribed spacer sequences, but 16S rDNA sequences are very conserved among bifidobacteria and show 93% similarity between most of the species of the genus Bifidobacterium (21, 26) . Even minor differences in the 16S rDNA sequence may, however, alter the migration behavior of a PCR fragment in DGGE, as shown in the case of B. adolescentis E-981074 T . This allows us to rapidly monitor changes occurring in the predominant members of the bifidobacterial community. The method may provide a valuable alternative to molecular typing techniques (22, 25) in rapidly monitoring qualitative changes in the bifidobacterial populations, although it does not allow definite discrimination or quantification of different strains. The DGGE method has an advantage of being independent of prior time-consuming culturing of the isolates on selective medium, which may favor the growth of some strains, thereby biasing the results. The PCR approach can also, however, lead to some distortions, because some sequences may amplify better than others, and heteroduplexes can be formed during PCR (39) , as also observed in this study and further discussed below. In the PCR-DGGE approach identification of fragments can be done by subsequent cloning and sequencing of the PCR products, but it is hampered by the high similarity of 16S rDNA sequences between different Bifidobacterium species and the inadequate sequence data quality for many of the sequences in GenBank. We contributed to the construction of a more comprehensive database by depositing to the GenBank two accurate 16S sequences of B. adolescentis E-981074 T , which can be used for identification of new strains and phylogenetic studies.
The DGGE profiles of 16S PCR amplicons of bifidobacteria were found to be unique for each individual. This supports the results of previous studies that intestinal Bifidobacterium communities, like the dominant microbial populations, are host specific (16, 22, 25) . The bifidobacterial populations were also found to be stable in composition during the 4-week study period. In general, the bifidobacterial population in the adult gut seems to be relatively stable for strain composition over several months or even a year, although some individual variations have also been detected (22, 25) . In contrast, in the developing gut microbiota of infants bifidobacterial species change in time (C. Favier, E. E. Vaughan, W. M. de Vos, and A. D. L. Akkermans, unpublished data). Further studies with larger test groups are needed to make conclusions about development and the long-term stability of bifidobacterial communities.
Matsuki et al. (23) applied species-and group-specific PCR directly to fecal samples and found B. catenulatum group species (B. catenulatum and B. pseudocatenulatum) in 92% of adult fecal samples and B. longum, B. adolescentis, and B. bifidum in 65, 60, and 38% of the samples, respectively. Comparison of the species-specific PCR method with the classical culture method revealed that some species, most frequently B. adolescentis, were detected by the direct PCR method but not by culturing followed by specific PCR of the isolates (23) . In these individuals B. adolescentis either was not among the most numerous bifidobacteria or it failed to grow on the selective media used. Our results indicate that B. adolescentis or closely related species are numerically the most prevailing bifidobacteria in some individuals, as it was most frequently found in the clone library. B. adolescentis was also the most widely distributed Bifidobacterium species among the subjects of the test group. Taking into account the possible heteroduplex formation and the fact that some species or strains may give more than one fragment in DGGE, it is difficult to give accurate estimates on the diversity of bifidobacteria in the fecal samples. The DGGE patterns show that the bifidobacterial diversity in individual samples is quite restricted, and according to sequence data some of these strains may belong to the same species. This result is in good agreement with previous studies showing that in most adults the bifidobacterial community is a combination of one to four species and that several distinct strains of the same species can coexist in one community (22, 23) .
Our results show that B. adolescentis E-981074 T carries five rRNA gene clusters and exhibits intragenomic 16S rDNA sequence heterogeneity. Previously, B. breve has been found to have at least three rrn operons, and B. bifidum has been found to have two (8, 42) . The two 16S rDNA copies of B. bifidum were sequenced, but no differences were found between the sequences (42) . It is anticipated that the greater the number of rRNA operons is the higher the possibility of heterogeneity among rRNA genes within an organism is. Indeed, a Paenibacillus polymyxa strain that harbors at least twelve rrn operons was found to display a high degree of sequence diversity among its 16S rRNA genes (30) . Intragenomic 16S rDNA heterogeneity, both microheterogeneities and larger changes, has been found also in other bacteria (9, 12, 37, 41) . Microheterogeneities of a few base changes most likely result from mutations during DNA replication, whereas higher levels of sequence variation are considered to be a result of horizontal gene transfer (37, 41) . The two 16S rDNA sequences of B. adolescentis E-981074 T differed in only eight bases over the almost total length of the gene and showed the highest similarity (99.4%) to each other over all the sequences available in GenBank. Therefore, we consider that the variability has resulted from mutations in one copy of the 16S rRNA gene. Intragenomic sequence variation has effects on the phylogeny of organisms VOL. 67, 2001 DETECTION OF BIFIDOBACTERIA BY PCR-DGGE 511
on January 4, 2018 by guest http://aem.asm.org/ and biodiversity estimates. The heterogeneities may also interfere with analysis of denaturing gel patterns, and therefore some caution must be exercised when interpreting the results, especially when estimating strain and species numbers and diversity. Probiotic and prebiotic research aims at developing functional food products that are able to modify the gut microbiota to a potentially more healthy one. A particular interest in these studies is to follow the marker organisms of well-balanced gut microbiota or the probiotic strains, often bifidobacteria and lactobacilli, and the changes of their proportions in the intestinal microbiota. Recently, genus-specific primers were designed for Lactobacillus spp. and also used successfully in combination with DGGE to analyze communities of lactobacilli (G. H. J. Heilig, E. G. Zoetendal, E. E. Vaughan, P. Marteau, A. D. L. Akkermans, and W. M. de Vos, unpublished data). In conclusion, this study demonstrates that the combination of genus-or group-specific PCR with DGGE is a powerful tool to study targeted microbial populations in the complex GI tract ecosystem. The approach opens new possibilities to follow the qualitative changes in the bifidobacterial and lactobacilli populations in response to probiotic or prebiotic administration as well as to study the effect of age, genetic background and other factors on the composition and diversity of these bacterial groups.
